Sample purity is central to in vitro studies of protein function and regulation, as well as to the efficiency and success of structural studies requiring crystallization or computational alignment of individual molecules. Here, we show that mass photometry (MP) accurately reports on sample heterogeneity using minimal volumes with molecular resolution within minutes. We benchmark our approach by negative stain electron microscopy (nsEM), including workflows involving chemical crosslinking and multi-step purification of a multi-subunit ubiquitin ligase. When applied to proteasome stability, we detect and quantify assemblies invisible to nsEM. Our results illustrate the unique advantages of MP for rapid sample characterization, prioritization and optimization.
Biomolecular structure is frequently affected by non-covalent interactions resulting in mixtures of species even for highly purified samples under physiological conditions 1 . Most proteins perform their function only in specific assemblies ranging from monomeric species for simple binding 2 , to large, heterooligomeric molecular machines 3 . At the same time, one of the major remaining bottlenecks to routine and high-throughput structure determination is sample homogeneity, 4 which is of immense importance for both cryo-electron microscopy 5, 6 and x-ray crystallography 7 .
Much effort has therefore been aimed at developing and optimizing techniques capable of accurately reporting on sample heterogeneity including SDS-PAGE, size exclusion chromatography (SEC) and dynamic light scattering (DLS) 8, 9 . SDS-PAGE reveals sample size, but not stoichiometry or interactions. SEC reports on stokes radii, not the actual molecular weight, and DLS has limited mass accuracy and resolution. For protein complexes, negative staining EM (nsEM) thus remains the standard method for evaluating sample quality as it provides a detailed picture of sample heterogeneity under EM conditions while yielding initial structural insights 10 . Taken together, much can be extracted from the combined application of these techniques, but the data accuracy and resolution are limited and the associated workflows are slow, making high-throughput screening impractical. Significant challenges also arise for samples that are poor nsEM candidates or where prior structural information is unavailable. To mitigate these limitations, cryoEM-specific approaches have been developed, 4 such as variants of the thermofluor technology 11 and chemical crosslinking combined with density gradient centrifugation 12 .
Given that different oligomeric complexes vary in molecular mass, mass measurement could in principle be ideally suited to examine sample heterogeneity. Despite the advances in native mass spectrometry (MS) over the past decades [13] [14] [15] , the associated experimental complexity and non-native conditions have prevented native MS from becoming a widely used tool in this context. Mass photometry (MP), originally introduced as interferometric scattering mass spectrometry (iSCAMS), is a label-free approach that accurately measures molecular mass by quantifying light scattering from single biomolecules in solution 16, 17 . The principle of operation of MP is remarkably similar to that of nsEM ( Fig. 1a) , where placement of a small amount (<10 µL) of solution on a substrate leads to non-specific adsorption at a solid-solute interface. In MP, in contrast to nsEM, a standard microscope cover glass replaces the carbon grid, and no stain needs to be applied.
We then quantify individual binding events by illuminating the interface between the sample and cover glass and interferometrically recording reflectivity changes caused by a modification of local refractive index when an adhering biomolecule replaces water. Continuous recording of these events results in a movie of individual proteins binding to the cover glass surface (Supplementary Movie 1) , with species appearing and disappearing in time as a consequence of the data analysis procedure 18, 19 . Optimization of the image contrast 18 then enables very accurate quantification of the reflectivity change caused by single molecule events, ultimately resulting in exceptional mass accuracy, resolution and precision 16, 18 ( Supplementary Fig. 1) .
To test the applicability of MP, we chose NADH:ubiquinone oxidoreductase (respiratory complex I) from Escherichia coli, a membrane-bound proton pump consisting of six soluble proteins assembled and bound to a large trans-membrane domain of seven different proteins. A scatter plot of single molecule signals arising from a recording of binding events reveals clear bands corresponding to the fully assembled, as well as partially disassembled species (Fig. 1b) . We can convert the recorded single molecule signals to molecular mass with about 2% mass accuracy by performing a calibration routine with biomolecules of known mass ( Supplementary Fig. 2 ) 16 . The resulting mass distribution shows that the majority of molecules are indeed in the fully assembled state at a complex mass of 770 kDa, in excellent agreement with previous results based on analytical ultracentrifugation 20 . The sub-complex at 600 kDa lacks the substrate acceptor module NuoEFG, while the 300 kDa species corresponds to the hydrophilic portion of the protein only 21 (Fig. 1b, Supplementary Fig. 3a) . A negative stain micrograph of the same sample qualitatively confirms the recorded mass and structural heterogeneity ( Fig. 1c) .
We next examined a trimeric sub-complex of cohesin, containing human SMC1, SMC3 and SCC1 fused to a C-terminal Halo-tag with a predicted molecular weight of 397 kDa. SMC1 and SMC3 contain long flexible coiled-coils, which can switch between a 50 nm extended conformation and a compacted 25 nm conformation. This means that the complex exhibits structural as well as mass heterogeneity, which would occur if the trimers were disassembled or aggregated 22, 23 . The long coiled-coils and the associated structural flexibility make this complex difficult to quantify by conventional nsEM, instead requiring rotary shadowing EM. This approach demonstrates some flexibility of the coiled-coils but provides hardly any information on the integrity of the complex. MP, on the other hand, reveals a largely monodisperse sample dominated by a peak at 410 kDa, in good agreement with the expected mass, indicating that this particular sample is of excellent biochemical quality ( Fig. 1d,e; Supplementary   Fig. 3b ).
We then explored whether MP could be used to evaluate efforts to improve sample purity. Such approachesaimed at enriching the species of interest or finding appropriate stabilizing conditionsare often used when sample purity is found to be insufficient for structural characterization. These efforts, however, incur significant expense in the form of repeated staining, imaging and classification.
To test whether MP could help mitigate this issue, we studied the interaction of the tetrameric Nup82-Nup145N-Nup159-Nsp1 complex (NPC-I) with a tetrameric Y-complex fragment (NPC-II) from the thermophilic fungus, Myceliophthora thermophila. The Y-complex forms the cytoplasmic and nucleoplasmic ring structures of the nuclear pore complex (NPC), 24 ,25 a complex composed of ~500 individual proteins arranged in sub-complexes around a central eightfold rotational symmetry axis, which facilitates macromolecular transport 26 . We found that NPC-I and NPC-II bind directly and form a 1:1 complex of ~400kDa (NPC-III), which is expected given that the masses of the individual tetrameric species are 175 kDa and 259 kDa ( Fig. 1f, Supplementary Fig. 4 ). After mild crosslinking with glutaraldehyde we found clear evidence for enrichment of the 1:1 complex NPC-III. In addition, we observed small increases in molecular mass for NPC-II and NPC-III. These increases were expected due to the addition of crosslinker and quencher, and the observed increases of 11 and 27 kDa were in good agreement with the number of available crosslinking sites and the subsequent quenching procedure (see Methods for full calculation). These results are highly reproducible ( Fig. 1g,   Supplementary Fig. 5 ), and enable us to rapidly determine how incubation time affects the resulting oligomeric distributions and, consequently, sample quality ( Supplementary Fig. 6 ).
To evaluate the degree to which results obtained by MP match those from nsEM, we carried out a sideby-side comparison of nsEM and MP throughout the entire purification protocol for the Anaphase-Promoting Complex/Cyclosome (APC/C), a ubiquitin ligase essential for cell cycle progression 27-29 . This large 1.2 MDa scaffold is composed of 19 core polypeptides and is transiently associated with numerous binding partners ( Fig. 2a, Supplementary Table 1 ). Purifying homogeneous APC/C scaffolds is thus imperative for detailed biochemical and structural studies. To gain quantitative insights from nsEM, we used a map of the fully assembled APC/C that we obtained previously ( Fig. 2a ) and projected the resulting maps in-silico ( Fig. 2b) . We then used these projections as templates to assign newly generated class averages to the assembly state that they belong to.
The protocol used here involves a three-step purification scheme: strep-tactin affinity, anion-exchange, and size-exclusion chromatography, with multiple fractions characterized for each of the latter two steps ( Fig. 2c) . We evaluated sample composition by SDS-PAGE ( Fig. 2d, Supplementary Figs. 7a,b,c) , mass distributions by MP ( Fig. 2e, Supplementary Figs. 7d, 8, 9 ) and generated 2D classes of the same sample by nsEM in each case ( Supplementary Fig. 10 ). Strep-tactin purification yielded identical SDS-PAGE band patterns and similar mass distributions for each analyzed fraction ( Supplementary Fig.   7a,d) .
The presence of a negligible feature at 1.2 MDa suggested that only a small subset of all species was composed of fully assembled APC/C, while a sub-complex (termed "Platform") at 660 kDa dominated ( Fig. 2e) . Quantification by nsEM conducted after strep-tactin purification confirmed the low fraction of assembled complex observed by MP (17% as measured by nsEM, 21% by MP, Fig. 2f , Supplementary Fig. 11 , Supplementary Table 2 ). The top four 2D classes following strep-tactin purification, defined by selecting those with the highest number of particles out of a set of 200 2D class averages, correspondingly represent sub-complexes rather than the desired full complex ( Fig. 2g) .
Subsequent application of ion-exchange chromatography produced a mixture that still appeared heterogeneous, with the broadened elution peaks providing little information on the underlying distributions ( Fig. 2c) . SDS-PAGE of the selected fractions confirmed that the key subunits are present but revealed no discernible clues as to sample heterogeneity ( Fig. 2d, Supplementary Fig. 7b ). The MP distributions from selected fractions, however, differed dramatically, with fraction 48 demonstrating the highest contribution of fully assembled complexes following ion-exchange (45%, Fig. 2f, Supplementary Fig. 11 , Supplementary Table 2 ). Accordingly, nsEM classification of fraction 48 returned fully assembled species for the top four classes, while fraction 32 consisted mainly of fragments ( Fig. 2g ). Applying this procedure to different fractions from size-exclusion chromatography demonstrated similar differences between SDS-PAGE and MP, again exhibiting quantitative agreement between MP (9: 60%, 10: 55%) and nsEM (9: 51%, 10: 45%, Fig. 2g , Supplementary Fig. 11, Supplementary Table 2 ), clearly identifying fractions 9 and 10 as optimal for structural analysis.
To evaluate the degree to which sample homogeneity can be optimized further, we explored crosslinking with two APC/C complexes, previously optimized and used for structural studies 30,31 , by MP and nsEM. These samples contained the APC/C core stably bound to a substrate (Hsl1) that is chemically linked to one of its transiently-associated cofactors (UBE2C or UBE2S), hereafter referred to as the "traps" for simplicity. These complexes were purified using tandem affinity chromatography, enriching for both a fully-assembled APC/C and the trap, and treated with GraFix 12 , glutaraldehyde crosslinking coupled with density gradient centrifugation, yielding highly purified samples ( Fig. 2e,   Supplementary Fig. 8 ). The agreement between MP (APC/C CDH1 -UBE2S: 89%, APC/C CDH1 -UBE2C: 75%, Supplementary Fig. 11 , Supplementary Table 2 ) and nsEM (APC/C CDH1 -UBE2S: 82%, APC/C CDH1 -UBE2C: 71%) supports our previous findings 30,31 that these purification strategies optimized sample homogeneity for cryo-EM ( Fig. 2f,g) .
The purification of protein complexes from their native source using genome editing and affinity purification strategies has become a widely-used workflow in the light of recent advances enabled by cryoEM. The intrinsic heterogeneity of the resulting complex composition, however, yields a plethora of different species in such preparations, in particular in the context of transients involving adapter proteins 32 . To explore a relevant workflow based on buffer composition rather than crosslinking, we studied the stability of the proteasome as purified from bovine heart tissue ( Fig. 3a, Supplementary   Fig. 12 ). The complex itself consists of two sub-complexes: The proteolytically active 20S core particle (CP) and one or two copies of the ubiquitin recognizing 19S regulatory particle (RP) 33 ( Fig. 3b,   Supplementary Fig. 13a-c, Supplementary Table 3 ). Amongst others, our purification approach revealed the presence of an adapter protein called Ecm29 thought to assist the CP-RP interaction, of which we could not find any direct evidence in nsEM. The corresponding MP measurements revealed the expected features: A 2.4 MDa 30S particle (2 RP, 1 CP), a 1.5 MDa 26S particle (1RP and 1 CP), as well as the 700 kDa CP and 800 kDa RP. Additionally, we found signatures of species at both 1.7
MDa and 2.6 MDa, which we assume correspond to the 26S and 30S complexes bound to a single copy of Ecm29. Using this preparation, we screened for different buffer conditions, specifically different salt concentrations and different nucleotide states. The mass photometry distributions revealed complex disassembly with increasing salt concentration ( Fig. 3c, Supplementary Figs. 14 and 15 ) as reported previously 34 , in quantitative agreement with nsEM characterization of the same samples ( Fig. 3d,   Supplementary Fig. 16 , Supplementary Table 4 ). Interestingly, we found evidence that Ecm29 is the first to dissociate upon salt treatment, in line with previous observations that proteasome interaction proteins (PIPs) are generally salt labile 34,35 .
To further examine the effect of additives, we used a second preparation of bovine proteasomes and analyzed sample composition in the presence of different nucleotides. We used the enzymes apyrase, which converts ATP to AMP and hexokinase, which in the presence of glucose converts ATP to ADP.
Bringing the samples to 37°C to ensure mild nucleotide exchange, resulted in considerable changes to the sub-complex distributions ( Fig. 3e, Supplementary Fig. 17 ). We observed a significant increase of the 26S-bound Ecm29 fraction, which has been implicated in stabilizing the complex upon stress. The persistence of the Ecm29 complex upon apyrase treatment despite the almost complete disassembly of pure 26S agrees with the stabilizing function of Ecm29 36 . Furthermore, our data confirms that proteasome disassembly is prevented by the addition of a proteolytic inhibitor such as epoxomicin ( Fig.   3e ) most likely by a long range allosteric effect 36, 37 . The observed variability in complex distributions can be confidently assigned to salt and nucleotide-induced effects, given the extreme stability of our proteasome preparations (Supplementary Fig. 18 ).
Our results demonstrate that MP provides information on sample composition that quantitatively correlates with those obtained by nsEM ( Supplementary Fig. 19 ), but with a number of key advantages. Measurements take place in native conditions, are extremely fast (< 1 min) and require minimal sample amounts (< pmole). The results do not rely on prior knowledge of protein structure, composition or nature of sub-complexes but instead provide direct information on which subassemblies are formed by revealing the masses of all present species. Abundances quantitatively agree with those obtained by nsEM, but are not subject to complications that can arise, such as stain artefacts, or errors in image processing including false particle picking, alignment or classification issues ( Supplementary Fig. 13d) , while revealing and quantifying species that are difficult or impossible to quantify by nsEM. Overall, MP will be of tremendous value to the cryoEM community not only by significantly improving the efficiency of structure determination, but also in applications aimed at understanding (dis)assembly processes through kinetic and reconstitution studies. More generally, the capabilities of MP will likely impact the broader life science community, by enabling accurate sample characterization for the majority of biochemical and biophysical in vitro studies. 140-143 (2015 All reactions were carried out at 37°C.
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Methods
Mass Photometry
Microscope coverslips (No. 1.5, 24x50 and 24x24 mm 2 , VMR) were cleaned by sequential sonication in 50% isopropanol (HPLC grade)/Milli-Q H2O, and Milli-Q H2O (5 minutes each), followed by drying with a clean nitrogen stream. Clean coverslips were assembled into flow chambers using double-sidedsticky tape (3M) as described by Young et al 16 is the sum of each pixel in consecutive images ( ), with defining how many frames to sum 16 . In this way, images in the field of view are preserved, while eliminating any background. This procedure is applied to all possible frames, creating a ratiometric movie (Supplementary Movie 1) , where the binding of particles to the glass-water interface is clearly visible.
Identification of landing particles -a landing particle generates a step-wise increase in the glass reflectivity which results in an increase in scattering signal, followed by an amplitude decrease ratiometric movie 16 . This distinct signature of step-wise behavior is used to identify particles, using two fitting parameters; threshold 1 (related to the particle contrast relative to the background noise) and threshold 2 (related to the radial symmetry or the particle signature). Particle fitting -identified particles were fit using a model point spread function (PSF) in order to extract the contrast. Supplementary Fig.   1 shows Fig. 2 ) and
fitted to a line, = , withcontrast ,mass and -C2M calibration factor.
Extraction of mole fractions
The output from the analysis of each individual movie resulted in a list of individual particle contrasts, which were converted to mass using the corresponding C2M calibration. From these data, kernel density estimates (KDE) were generated for each sample using a Gaussian kernel with a fixed bandwidth using MATLAB (R2017b), which helped eliminate variations due to total particle counts between experiments. Bandwidth values varied between the different proteins, and were determined by Gaussians chosen as well as the respective center of mass values were identified based on the apparent number of peaks in the KDE plots. This included the presence of peak shoulders and the existence of (sub-) complexes in a given sample. We fitted the Gaussian sum using MATLAB curve fitting tools.
The relative amount of each species was calculated as the area of each Gaussian (i.e., = √2 , with area,amplitude and -standard deviation of the fitted Gaussian). Only relevant species were chosen and the mole fractions were calculated by renormalizing the area from the area sum of all relevant species.
All NPC crosslinking measurements were fitted to three Gaussians at 160, 260 and 410 kDa for experiments without crosslinking, and at 160, 270 and 440 kDa for the crosslinking ones (See Supplementary Fig. 5 for a typical example). All APC/C purification step analyses were fitted to four Gaussians at 490, 640, 800, 1175 kDa corresponding to the main (sub-) complex species we observed (See Supplementary Fig. 9 for a typical example). All APC/C crosslinked samples were fitted to a single Gaussian. All Proteasome salt addition analyses were fitted to seven Gaussians at 720, 890, 1050, 1550, 1750, 2350, 2550 kDa (See Supplementary Fig. 15 for a typical example). The mass difference in the 26S peaks (1550/1750 kDa) and 30S peaks (2350/2550 kDa) arises from proteasome binding partners that co-purify with proteasomes in a sub-stochiometric amounts. Since negative staining analysis cannot easily distinguish between the different species of 26S and 30S with/without co-factors bound, we summed up the respective Gaussians to represent the amount of 26S and 30S species in the solution that are classified together in negative stain analysis. In all cases described above, all repeats of measurements were fitted separately, subsequently estimating the mole fraction values, followed by a calculation of the mean and standard deviation (estimated measurement error).
Correction for surface-solution concentrations discrepancies
In mass photometry proteins bind to a surface, and thereby decrease the overall concentration of the protein in solution. Young et al 16 showed that the main factor affecting the binding rate of different protein (sub-)complexes to the surface is their diffusion 16 , characterized by an exponential decay in time with a rate constant roughly proportional to (molecular weight) -1/3 . As described above, every MP measurement starts following autofocus stabilization, and therefore proteins that bind within this 'deadtime' (approximately 10-15 seconds) are not recorded. This is in contrast to negative staining where particles information is 'recorded' from the moment the droplet is placed on the surface. This discrepancy suggests that MP measurements underestimate the abundance of smaller proteins, as compared to negative staining. Since smaller proteins diffuse faster to the surface, they are likely to be more depleted during the 'dead-time', and as a result a relative shift towards higher mass distributions may be observed. This potential shift can be easily accounted for by applying a diffusion correction to the counted numbers of each protein species depending on their binding rate 16 . This correction is based on the comparison between the integration over the exponential decay in binding events from sample addition (at time zero, = 0) until the end of the measurement time ( = ), and the integration over the real experimental time, which starts at = 0 and ends at = : Fig. 11 ) and proteasome salt addition experiments (Supplementary Fig. 16) , and compared to the negative staining distributions. Crosslinked APC/C mole fractions were not diffusioncorrected as their KDEs exhibit only one distinct Gaussian peak. As expected, raw, uncorrected, distributions underestimated the abundance of smaller species compared to nsEM ( Supplementary Fig.   11 -APC/C, Supplementary Fig. 16proteasome) , while the corrected distributions exhibit excellent agreement. Supplementary Tables 2, 4 summarize the raw and corrected mole fraction values (Supplementary Table 2 -APC/C, Supplementary Table 4 proteasome).
Crosslinking NPC-III protein
For the crosslinking of NPC-III, the protein was incubated at a concentration of 0.18 mg/mL (434 nM of complex) with 0.1% glutaraldehyde for 5 minutes on ice in a total volume of 9 μL, before being quenched with 1 μL of quenching buffer (crosslinking protocol was inspired from 38 ). Samples taken from this final, quenched, solution were diluted 10-fold in buffer immediately before mass photometry measurements. From each reaction volume, three independent measurements were taken, with the premeasurement dilution performed separately for each one. Three independent reactions were carried out, resulting in a total of 9 measurements of the crosslinked species. For the measurements of the complex without crosslinking, the complex was diluted 10-fold from the stock concentration of 0.2 mg/mL (482 nM of complex), again immediately before measurement. This procedure was repeated for 9 independent measurements of the complex without crosslinker. Crosslinking experiments were also performed as a function of incubation time. For this, the procedure described above was repeated with incubation times of 5, 10, 15 and 20 mins (Supplementary Fig. 6 ). For each time point, 2 measurements were taken, and 2 measurements of the complex straight after dilution without crosslinking were also taken. The buffer used throughout was 10 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM DTT and 0.1 mM EDTA. The quenching buffer contained 8 mM aspartate (Asp) and 2 mM lysine (Lys).
Mass shift due to crosslinking of NPC-III protein
There are 160 lysine residues (lys) in NPC-III. Assuming all those residues bind a glutaraldehyde molecule (100 Da), the full complex mass should increase by 16 kDa. The quenching buffer includes 0.8mM Asp (133 Da) and 0.2mM Lys (146 Da), which can each quench glutaraldehyde, adding another ~22 kDa per NPC-III assembly. In total, the crosslinking procedure could add up to ~38 kDa per NPC-III assembly. The observed mass shift in our experiments was 27 kDa (Fig. 1f) , within the expected range.
Negative Staining
All negative staining grids were prepared with the exact protein samples and in the same concentrations used for MP measurements.
Negative stain sample preparation, data collection and image processing -APC/C and Proteasome
The samples were stained with 2 % (w/v) uranyl acetate. Carbon-coated grids were glow-discharged using EM ACE600 sputter coater (Leica) for 30 seconds at ~20 mA. 4 L of the sample was applied on the glow-discharged grid and incubated for several seconds. The excess liquid was blotted off using filter paper. The grid was washed three times with a water droplet. 4 L of 2% uranyl acetate was applied on the grid with adsorbed sample and incubated for 1 minute. The excess stain was blotted off using a filter paper. The grids were air-dried before micrograph recording. Images were recorded on FEI Tecnai G 2 20 (FEI) transmission electron microscope at a magnification of 62k (1.85 Å/pixel).
Particle picking was done using CrYOLO 39 after which the particles were transferred to cowEyes
